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Yesterday

» the relation of MCFG to the formalization of natural
language,

» the convergence of many formalisms to the class of MCFL,

» a view of some advantages of
algebraicity/context-freeness of grammatical formalisms.
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L Expressiveness

Definition reminder
A m-MCFG(r) is a 4-tuple (N, T, P, S) such that:
» N is a ranked alphabet of non-terminals of max. rank m.
» T is an alphabet of terminals
» Pis a set of rules of the form:

1 1 n n
A(St, -5 8Sk) < Bi(xq, oo X ) oo Ba(X{'s oo X))
where:
» Ais a non-terminal of rank k, B; is non-terminal of rank k;,
n<r,

» the variables x/-" are pairwise distinct,
» the strings s; are in (T U X)* with X = U/, U;(L1{)9f}a
» each variable x/f has at most one occurrence in s ... Sk
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Definition reminder
A m-MCFG(r) is a 4-tuple (N, T, P, S) such that:
» N is a ranked alphabet of non-terminals of max. rank m.
» T is an alphabet of terminals
» Pis a set of rules of the form:

1 1 n n
A(St, -5 8Sk) < Bi(xq, oo X ) oo Ba(X{'s oo X))
where:
» Ais a non-terminal of rank k, B; is non-terminal of rank k;,
n<r,

» the variables x/-" are pairwise distinct,

» the strings s; are in (T U X)* with X = U/, U;(L1{)9f}a

> each variable x; has at most one occurrence in s . .. sk
» Sis a non-terminal of rank 1, the starting symbol.
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The language generated by an MCFG

Given an MCFG G = (N, T, P, S), if the following conditions
holds:

> By(S{,..., Sk ) ---» Bn(s], ..., s{ ) are derivable,
> A(st,. o 8k) = Bi(x{, . X)), Ba(X], .., X ) is arule
in P
then A(ty, ..., t) with t; = si[x/  8]lic(1,,jef1:k] iS derivable.
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The language generated by an MCFG

Given an MCFG G = (N, T, P, S), if the following conditions

holds:
> By(S{,..., Sk ) ---» Bn(s], ..., s{ ) are derivable,
> A(st,. o 8k) = Bi(x{, . X)), Ba(X], .., X ) is arule
in P

then A(ty, ..., t) with t; = si[x/  8]lic(1,,jef1:k] iS derivable.
The language define by G, L(G) is:

{w | S(w) is derivable}
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The two parameters
In m-MCFL(r):
» we call mthe dimension
» we call r the rank
We can trade rank for dimension:

A(S1,...,8m) <+ B1(X11,~~-,X;11), .

BN}

Bn+1 (X1n+17" . 7Xn+1)

n+1
U
A(St1,...,5m) 51(x11,...,x;1)...,
1 1
COXJ, .o X, Xt ,’(”:1)
1 1
C(x{,..., xkn, 1"+, er;) — Bn(x{’,...,x,’gn),

By (x™M1 L xH
n+1(1 s ) kn+1)

u]
o)
I
ul
it
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The two parameters
In m-MCFL(r):

» we call mthe dimension

» we call r the rank

We can trade rank for dimension

A(S17~"7SIT1) A B1(X117 '»Xll1)7"~a

1 1

Bn+1(x1n+7"'7xn,:1)

4

A(st,...,8m)  —  Bi(H, ,,x;1)...,
1 1
COXJ, .o X, Xt ,’(’:;1)

1 1
C(x{, xk, 1"+, er;) —  Ba(x,... x0),

1 1
Bt (X1, Xt )
m-MCFL(r) O (m x (k+1))-MCFL(r — k) when1 < k <r—

[m]

=
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The two parameters

We cannot trade dimension for rank.

Theorem (Seki et al.)

The language Lm,4 = {a]b] ..
m-MCFL(r) for any r

m+1 m+1

| ne N} isa(m+ 1)-MCFL(1) but is not a

N
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LTwo parameters

The two parameters

We cannot trade dimension for rank.
Theorem (Seki et al.)

The language Lm,4 = {a]b] ..

an 1bmyy | n€N}Yisa(m+1)-MCFL(1) butis not a
m-MCFL(r) forany r

Proof.
Lyt isa(m+1)-MCFL(1):

S(x1... Xmy1) < Alx1,. .., Xmt1)
A(aixiby, ..., amxmbm) <+ A(X1,- -\ Xmy1)
Ale,...,€) <

u]
o)
I
ul
it
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LTwo parameters

The two parameters

We cannot trade dimension for rank.
Theorem (Seki et al.)

The language L1 = {ajb] ... a

-ap. by | neN}isa(m+1)-MCFL(1) but is not a
m-MCFL(r) for any r

Proof.
Lmiy ¢ m-MCFL(r) based on a weak form of pumping lemma: there is a string that is
2m-pumpable/iterable.

U 0000 U
1 S Y (R S S [ S
a1 [ T e
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Two hierarchies

Since:
MCFL(r + 1) = MCFL(r) whenr > 2
We are interested in two hierarchies:
» the hierarchy indexed by m of m-MCFL = | J,.y m-MCFL(r)
» the hierarchy indexed by r of m-MCFL(r)
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:

An infinite hierarchy with respect to the dimension

Lm+1

{w™1 | we {ab}}

DA
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Theorem

The hierarchy of 1-MCFL(r)

1-MCFL = CFL
Proof.

A(S) « Bi(x1), ..., Ba(Xn)
\

A — S[X,‘ = B,'],n:-l
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LTwo hierarchies
:

Theorem

The hierarchy of 1-MCFL(r)

1-MCFL = CFL
Proof.

A(S) « Bi(x1), ..., Ba(Xn)
\

A — S[X,‘ = B,'],n:-l

» 1-MCFL(1)

C 1-MCFL(2)
> 1-MCFL(r) =

1-MCFL(r + 1) whenr > 2

=
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LTwo hierarchies

2-MCFL(2) and 2-MCFL(3)

Theorem (Rambow,Satta 1994)
2-MCFL(2) = 2-MCFL(3)
Proof.

A(U1 X1 UoyoU3Zy Us, V1Y 1 VoXoV3ZoVs) <  Bi(x1,X2), Ba(y1,¥2),
Bs(z1, 22)

it D
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LTwo hierarchies

2-MCFL(2) and 2-MCFL(3)

Theorem (Rambow,Satta 1994)
2-MCFL(2) = 2-MCFL(3)

Proof.

AUy X1 UpYo Uz Zy Uy, Vi Y1 VoXoV3Z2Vy)

A(X121U4, XpZoV4)

B o(u1 X1 UpyaUs, VY1 VaXoVs)

T <

4

Bi(x1, X2), Ba(y1, y2),
Bs(z1, 22)

By 2(x1,X2), B3(zy, 22)
Bi(x1,X2), Bo(y1, y2)

O
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The language L, m,

Let ):,-7, = {a,-71 e a,-’,}, Wy,ioc = 322(61)) . a;:';((r;) with
v=(n,...,n) e N and o permutation of [1; r].
Theorem (Rambow,Satta 1994)
Ifo(1)=1,0(r)=r,o(i+1) #0o(i)+1andr >3, the
language L, 3 m s = {Wy 1 1aWu 2,5 --- Wumo | VEN'} s an
m-MCFL(r + 1) but not an m-MCFL(r).
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LTwo hierarchies

The language L, m,

Let ):,-7, = {a,-,1 e a,-’,}, Wy,ioc = 822(61)) . a;?‘;((’;) with
v=(n,...,n) e N and o permutation of [1; r].
Theorem (Rambow,Satta 1994)
Ifo(1)=1,0(r)=r,o(i+1) #0o(i)+1andr >3, the
language L, 3 m s = {Wy 1 1aWu 2,5 --- Wumo | VEN'} s an
m-MCFL(r + 1) but not an m-MCFL(r).

Theorem
Ifm>2orr > 2 then

m-MCFL(r) C m-MCFL(r +1)
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:

An infinite hierarchy with respect to the rank

m-MCFL(r + 1)

Lr+3,m,n

{Lm

{w"| meN}
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Outline

Membership complexity

Recognizability and decidability of membership
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sets

m-MCFL(r) are closed under intersection with regular
Given an m-MCFL(r) G

3 *
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LMembership complexity

L Recognizability and decidability of membership

m-MCFL(r) are closed under intersection with regular
sets

Given an m-MCFL(r) G and a regular set R

(DER

The grammar we obtain uses rules that are similar to those of G.




Multiple Context-free Grammars

I—Membership complexity

L Recognizability and decidability of membership

Singleton sets are regular

automaton:

Given a word ay ... ap it is recognized by the following
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L Recognizability and decidability of membership

Singleton sets are regular

Given a word ay ... ap it is recognized by the following
automaton:

0G0 — ~ n-12(n)

» We get the decidability of the membership problem for
MCFGs.

» NB: a similar technique yields decidability of the generation
problem.
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LComplexity of the membership problem

A direct construction of the tree automaton

Suppose that R is given by the automaton (Q, 4, qo, Qf), then
the states of the tree automaton are the tuples

(q‘laq‘/la--'vqk?q;()

such that:
» giand gj arein Q
» k is the rank of a predicate of the MCFG
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A direct construction of the tree automaton
Suppose that R is given by the automaton (Q, 4, qo, Qf), then
the states of the tree automaton are the tuples

(91,9, . Gk, 9k)

such that:

» g;and g; arein Q

» k is the rank of a predicate of the MCFG
Given arule

T=A(S1,...,8n) < Bi(X{,... x4 ), .., Bun(X" . X))
We built tree automaton rules as
m(Q1, P15 Qs Pk, - (AT, P, gRe, PRn) = (G4, Pt - - Gy Pn)
if (s, qi) = pi with &'(a, q) = 6(a, q) and &' (x/, ¢) = p.
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A direct construction of the tree automaton

Suppose that R is given by the automaton (Q, 9, qo, Q¥), then
the states of the tree automaton are the tuples

(91.9%,---, 9k, k)

such that:
» g;and g; arein Q
» k is the rank of a predicate of the MCFG

Therefore the size of the tree automaton is a O(|Q?™("+1)) and
universal membership of m-MCFG(r) can be performed in
polynomial time.
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Complexity when on m or r is fixed

» Satta (1992)

Theorem

v

the membership problem for MFCG(1) is NP-complete,
the membership problem for 2-MCFG is NP-harad,
the membership problem for non-erasing m-MCFG is in NP,

Kaji, Nakanishi, Seki and Kasami (1994) proved that the
membership problem for non-erasing m-MCFG is in NP

v

v

v
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The X3C problem

INPUT X = {a1;...a3n} (Bk)igpt;m) With Bk = {ak, ; @k, i }

OUTPUT YES when there is P C [1; m] such that (B )xecp is a partition of X; NO otherwise

N
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The X3C problem

INPUT X = {a1;...a3n} (Bk)igpt;m) With Bk = {ak, ; @k, i }
OUTPUT YES when there is P C [1; m] such that (B )xecp is a partition of X; NO otherwise

X3C is NP-complete.
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LComplexity of the membership problem

The X3C problem

INPUT X = {a1;...a3n} (Bk)igpt;m) With Bk = {ak, ; @k, i }

x={E} ;;ﬂ;;ﬂ;;ﬂ;ﬂ}
8 = {EVEIEY & - BB EY

5 ={ENEIEY & - BB EY

OUTPUT YES when there is P C [1; m] such that (B )xecp is a partition of X; NO otherwise
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I—Membership complexity

LComplexity of the membership problem

The X3C problem

INPUT X = {a1;...a3n} (Bk)igpt;m) With Bk = {ak, ; @k, i }

OUTPUT YES when there is P C [1; m] such that (B )xecp is a partition of X; NO otherwise
R i 22 o[ o dasfas o fooias )
8 = {EVEIEY & - BB EY

5 ={ENEIEY & - BB EY

A solution is {By; Bz; B4} since

8 = B - B o RN e B o B - R = B = B o [

‘B AR R R R E R R
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I—Membership complexity

LComplexity of the membership problem

The X3C problem

INPUT X = {a1;...a3n} (Bk)igpt;m) With Bk = {ak, ; @k, i }

OUTPUT YES when there is P C [1; m] such that (B )xecp is a partition of X; NO otherwise
R i 22 o[ o dasfas o fooias )

8 = {EVEIEY & - BB EY

5 ={ENEIEY & - BB EY

A solution is {By; Bz; B4} since

[ 2 [}
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NP-hardness of the membership problem for MCFG(1)

The X3C problem:
INPUT X = {a1;...a3n} (Bk)iept;m) With Bk = {ak, ; @k, @i }
OUTPUT YES when there is P C [1; m] such that (By)xcp is a partition of X; NO otherwise

An MCFG(1) for an instance of X3C:
The word is @y ... asp

S(Xy ... Xan) < Ao(Xy,. .., Xan)
A/(S17 . ,83,7) — A/+1 (X1, . ,X3n) for k € [1;m], By = {ak1 i 8Ky ak3}
s = s,-:x,-akj ifl':.k/'
1 S; = x; otherwise
Am(e, ... €) +

Note that the language is finite.
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The X3C problem:

NP-hardness of the membership problem for MCFG(1)

INPUT X = {a1;...a3n} (Bk)iept;m) With Bk = {ak, ; @k, @i }

By = {;;ﬂ} B, = {;ﬂ;ﬂ}
5 = {ENESEY & - BB EY

OUTPUT YES when there is P C [1; m] such that (By)xcp is a partition of X; NO otherwise
- @ BEDaaEnn

A3(67 E’ 6’ 6’ 67 67 67 67 6)
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LComplexity of the membership problem

The X3C problem:

NP-hardness of the membership problem for MCFG(1)

INPUT X = {a1;...a3n} (Bk)iept;m) With Bk = {ak, ; @k, @i }

8 = {EVEIEY & - BB EY

OUTPUT YES when there is P C [1; m] such that (By)xcp is a partition of X; NO otherwise
- @ BEDaaEnn
5= {ENEYEY & - BB EY

A3(E7 E’ 6’ 6’ 67 67 67 67 6)

PR . - . |
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LComplexity of the membership problem

The X3C problem:

NP-hardness of the membership problem for MCFG(1)

INPUT X = {a1;...a3n} (Bk)iept;m) With Bk = {ak, ; @k, @i }

OUTPUT YES when there is P C [1; m] such that (By)xcp is a partition of X; NO otherwise
- @ BEDaaEnn

By = {;;} B, = {;;}
5= {ENEYEY & - BB EY

A3(E7 E’ 6’ 6’ 67 67 67 67 6)

A2(67 €€ 7 €€ 7 €, EI)
Al - B B3 - - B B B
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LComplexity of the membership problem

The X3C problem:

NP-hardness of the membership problem for MCFG(1)

INPUT X = {a1;...a3n} (Bk)iept;m) With Bk = {ak, ; @k, @i }

OUTPUT YES when there is P C [1; m] such that (By)xcp is a partition of X; NO otherwise
- @ BEDaaEnn

By = {;;} B, = {;;}
5 ={EIEYEY & - BB EY

A3(E7 E’ 6’ 6’ 67 67 67 67 6)

Ao(e, €, e,, €, e,, e,ﬂl)
@O -aa
allafelafalalalala]a)
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The X3C problem:

NP-hardness of the membership problem for MCFG(1)

INPUT X = {a1;...a3n} (Bk)iept;m) With Bk = {ak, ; @k, @i }
OUTPUT YES when there is P C [1; m] such that (By)xcp is a partition of X; NO otherwise
ol s fagafalafaial

By = {;;} B, = {;;}
5= {ENEYEY & - BB EY

A3(E7 E’ 6’ 6’ 67 67 67 67 6)

Ao(e, €, e,, €, e,, e,ﬂl)
@O -aa
a e fafalafalala]a)

BT e e e o [ o)

[m]

=
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NP-hardness of the membership problem for 3-MCFG

The X3C problem:
INPUT X = {a1;...;83n} (Bk)iept;m) With Bk = {ak,; @iy ks }
OUTPUT YES when there is P C [1; m] such that (B )xcp is a partition of X; NO otherwise

A 3-MCFG for an instance of X3C:
The word is @y .. . asp

By (@, Ky k)
Bk(C,G,G) —
S(s1...83n) <+ Bi(yi,1:1,2,51,3)s -+ > Bm(Ym 1, Ym,25 Ym,3)

With s; = yp, 1y - - Vo, SO that By, = {ap, 1; ap,2; @y, 3} and ap, |, = ai.
NB: again the language is finite.
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LComplexity of the membership problem

The X3C problem:

NP-hardness of the membership problem for 3-MCFG
INPUT X = {ay;

.....

OUTPUT YES when there is P C [1; m] such that (B )xcp is a partition of X; NO otherwise
ol s fagafalafaial

&5 = (EIEIRY = - B

5= {ENEYEY & - BB EY

B; (7 7 ml) BZ(E’ € 6) B3(7 7 m) B4(7 7 m)

B e e e e [ )
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NP-hardness of the membership problem for 2-MCFG

The X3C problem:
INPUT X = {a1;...;a3n} (Bk)iept;m With B = {ak;; @k,: @iy }
OUTPUT YES when there is P C [1; m] such that (B )xcp is a partition of X; NO otherwise

A 2-MCFG for an instance of X3C:
The word is (aB)™ay ... asp

By 1(a, ak,) By 1(e,€) S(X1,1X1,2X1 3 - - - Xm 1 Xm,2Xm 351 - - - S3n)
By a(cak,) < || Bk2(aB,¢) + «
By,3(8; @) < By,a(e,€) < || B11(x1,1,¥1,1), Bi2(x1,2, ¥1,2), Bi,3(x1,3,¥1.3)

By, 1(X1,1, Yk,1)> Br,2(X1,2, ¥k,2), Bk.3(x1,3, ¥k,3)

With s = yp, 1, - - VoI, SO that By, = {ap, 1: ap;,2; @y, 3} and ap, |, = a.
NB: again the language is finite.
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NP-hardness of the membership problem for 2-MCFG

The X3C problem:
INPUT X = {a1;...;83n} (Bk)iept;m) With Bk = {ak,; @iy ks }
OUTPUT YES when there is P C [1; m] such that (B )xcp is a partition of X; NO otherwise

A 2-MCFG for an instance of X3C:
The word is (aB)™ay ... asp

By,1(a, ax, ) + By,1(€,€) +
By 2(eak,) < || Bk2(af,e€) <
By,3(8; akg) + By 3(e,€)
Xk 1 Xk,2Xk,3 Xk.1Xk.2Xk 3
By 1(, ak,) +— Bi,1(e,€) By 1(c, ak) By, 1(e.€)
Byz(cag,) + || Bra(aBe) + ap Byo(cag,) « || Bra(af.e) « aB
Bis(B ak) < || Brale€) « Br.a(B,ak) < || Bra(c.c) «
By i(e, ak) + By, 1(e,€) + By 1(a, k) + By,1(e,¢)
Bra(eay,) « || Bra(af.€) aafp Bro(eag) < || Bra(aB,€) « €
Bia(B, ak) Bya(e,€) + By3(B:ak,) + Bra(e, )
By 1(, ak,) +— By 1(e,€) + By 1(c, ak) By 1(e,€)
Bra(eak,) « || Brolaf. ) « aa Bio(cag,) < || Bra(aBe) + B
Bra(B 8k) « || Bra(ec) < Bia(B k) < || Bra(e) <
By, 1 ak) + By,1(e,€) + By 1(a, ak) + By, 1(e,€)
Byo(cay,) + || Bra(aB,€) + a Bia(eag,) < || Bro(aB.e) + afp
Bra(B,ai) Bra(e €) + By 3(8, ak,) + By (e €)
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NP-hardness of the membership problem for 2-MCFG

The X3C problem:
INPUT X = {a1;...;83n} (Bk)iept;m) With Bk = {ak,; @iy ks }
OUTPUT YES when there is P C [1; m] such that (B )xcp is a partition of X; NO otherwise

A 2-MCFG for an instance of X3C:
The word is (aB)™ay ... asp

By,1(a, ax, ) + By,1(€,€) +
By 2(eak,) < || Bk2(af,e€) <
By 3(B, ak,) + Bk (e, €) +
Xie,1Xk,2Xk.3 Xk,1Xk,2Xk.3
Bii(o,an) « || Bralee) & Bi1(onak) « || Brilec) «—
Byz(cag,) + || Bra(aBe) + ap Byo(cag,) « || Bra(af.e) « aB
Bra(B k) « || Bralee) « Bi.a(B, a,) < Bis(e,€)
By 1(a, k) + By 1(c, €)
Bro(eag) < || Bra(aB,€) « €
Brs(B,ak) — Bra(e€) «
By 1(c, ak) By 1(e,€)
Bya(cak,) « || BeolaB,e) + B
Brs(B,ak) Bya(e.€) <
By 1(a, ak,) By 1(e €)
Bro(eay,) « || Bro(aB,€) « a
Bya(B. ak,) By ale,€)
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NP-hardness of the membership problem for 2-MCFG

The X3C problem:
INPUT X = {a1;...;83n} (Bk)iept;m) With Bk = {ak,; @iy ks }
OUTPUT YES when there is P C [1; m] such that (B )xcp is a partition of X; NO otherwise

A 2-MCFG for an instance of X3C:
The word is (aB)™ay ... asp

By 1(c, ax,) + Bk (e, €) +
Bro(eay,) < || Br(aB,€) +
Bk3(B; k) < Bi (e, €)
Xie,1Xk,2Xk.3 Xk,1Xk,2Xk.3
By 1(, ak,) +— By 1(e,€) By 1(a, a, ) « Bia(e,c)
Byz(cag,) + || Bra(aBe) + af Bia(eay,) < || Bro(af. ) « af
Bra(B k) « || Bralee) « Bi.a(B, ak,) < Bis(e€)
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The X3C problem:

NP-hardness of the membership problem for 2-MCFG
INPUT X = {ay;

.....

OUTPUT YES when there is P C [1; m] such that (B )xcp is a partition of X; NO otherwise
A 2-MCFG for an instance of X3C:
The word is (aB)™ay ... asp

R afafasfafafatall
& = {EVEAEY 5 - BB EY
5 ={ENEIEY & - BB EY

B 1(a, ) Bj (e, ) By 3(8, )
B 1(e; €) Bo o(aB, €) Ba 3(e, €)

53,1(047) Bs 2(e, [E0) Ba,s(ﬁ,)
By 1(a, |20 ) Ba 2 (e 5 34,3(5,

)
stes)’ IR

[m]

=
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The membership problem for MCFG

» Kaji, Nakanishi, Seki, Kasami

Theorem

» the membership problem for non-erasing MCFG is
PSPACE-complete,

» the membership problem for MCFG is EXPTIME-complete.



Multiple Context-free Grammars

I—Membership complexity

LComplexity of the membership problem

In a nutshell

In general we cannot hope to perform much better than

O(|Q|2m(r+1))

N
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Outline

Datalog parsing

Earley parsing and datalog
Earley parsing for MCFG
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Parsing and logic

Claim:

Parsing — exploit algebraic structure and its connection to
logic.

N
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L Earley parsing and datalog

Outline

Datalog parsing

Earley parsing and datalog
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L Earley parsing and datalog

Parsing CFG ltems

Givena CFG G= (N, T,P,S)and aword a; ...ap, arule
A — af, anitemis:

[A— «aep](i,j)withi,je[1;n]
it means that:
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Parsing CFG ltems

Givena CFG G= (N, T,P,S)and aword a; ...ap, arule
A — af, anitemis:

[A— «aep](i,j)withi,je[1;n]
it means that:

> ai>a,-+1...aj
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L Earley parsing and datalog

Parsing CFG ltems

Givena CFG G= (N, T,P,S)and aword a; ...ap, arule
A — af, anitemis:

[A— «aep](i,j)withi,je[1;n]
it means that:

> ai>a,-+1...aj

» S5 ar...aAy
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L Earley parsing and datalog

An inference system on items

Givena CFG G= (N, T, P, S) and a word ay
S—acP

Init
[S — ¢a](0,0)

..an
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L Earley parsing and datalog

An inference system on items

GivenaCFG G= (N, T,P,S)and aword a; ... an
S—acP

n [A— aea18](.))
[S — ¢a](0,0)

— Scan
[A—= aajqefl(ij+1)
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An inference system on items

GivenaCFG G= (N, T,P,S)and aword a; ... an

S—acP it [A— aeai16](i,))
ni
[S — ¢a](0,0) [A—>Oéaj+1 o Bl(i,j+1)

[A— aeBpl(i,j) B—yeP
[B = 31U:])

Predict
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An inference system on items

GivenaCFG G= (N, T,P,S)and aword a; ... an

S—acP it [A— aeai16](i,))
ni
[S — ¢a](0,0) [A—>aaj+1 o Bl(i,j+1)

[A— aeBB|(i,j) B—~yeP
[B — &3]/, ))

[A— aeBBI(i,j) [B—e](j,k)
[A — aB e 8](i, k)

Predict

Complete
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An inference system on items

GivenaCFG G= (N, T,P,S)and aword a; ... an

S—acP Init [A— aeai16](i,))
ni
[S — «a](0,0) [A— aagjiqef](i,j+1)

[A— aeBB|(i,j) B—~yeP
[B — &](j, /)
[A— aeBBI(i,j) [B—e](j,k)
[A— aBe B](i, k)

Predict

Complete

Complexity: O(|P[2n?).
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Making the complexity linear in |P|

GivenaCFG G= (N, T,P,S)andaword ay ... ap
[A— aeBp|(i,j) B—~y€eP
[B — 7]/, ))

Predict

I
(A= asBAl(i) , ?BU) BoreP
?B()) [B = 7](/.)
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Making the complexity linear in |P|

GivenaCFG G= (N, T,P,S)andaword ay ... ap

[A— aeBp](i,j) [B—~e](;k)
[A— aBe 8](i, k)

Complete

I
[B=7elUK) ,, A= aeBAll)) BUK)
B(j, k) [A— aBe B](i, k)
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A crash introduction to Datalog

Datalog is a recursive query language for relational database.

Extensional database
par(b, f)
par(b, c)
par(a, b)
par(a, d)
par(d, e)
par(j, f)
par(e, g)
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A crash introduction to Datalog

Datalog is a recursive query language for relational database.

Extensional database
par(b. )
par(b, c)
par(a, b)
par(a, d)
par(d, e)
par(j, f)
par(e, 9)
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A crash introduction to Datalog

Datalog is a recursive query language for relational database.

Extensional database
par (b, j)
par(b, c)
par(a, b)
par(a, d) .
par(d, ) Query: 7-sg(j, x) :
par(j, f) Query resolution: seminaive bottom-up resolution

par(e, 9)
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Q—o—Q
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A crash introduction to Datalog

Datalog is a recursive query language for relational database.

Extensional database
par (b, )
par(b, c)
par(a, b)
par(a, d) ;
par(d, e) Query: ?—sg(_/,x) o .
par(j, f) Query resolution: seminaive bottom-up resolution

par(e, 9)
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o
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A crash introduction to Datalog

Datalog is a recursive query language for relational database.

Extensional database

par (b, j)
par(b, c)
par(a, b)
par(a, d)
par(d, e)
par(j, f)
par(e, 9)

-
o
Q—o—Q

Query: ?—sg(j, x)
Query resolution: seminaive bottom-up resolution
sg(a, a) sg(b, b) sg(c, ¢) sg(d, d) sg(e, e) sg(/, /)
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A crash introduction to Datalog

Datalog is a recursive query language for relational database.
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Query resolution: seminaive bottom-up resolution
sg(a, a) sg(b, b) sg(c, c) sg(d, d) sg(e, e) sg(j. /)
s9(/j, ¢) sg(b, d)

sg(c,j) sg(d, b)

u]
o)

I

ul
it
N
»
?



Multiple Context-free Grammars
L Datalog parsing
L Earley parsing and datalog
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A crash introduction to Datalog

Datalog is a recursive query language for relational database.

Extensional database

par(b, f)
par(b, c)
par(a, b)
par(a, d)
par(d, e)
par(j, f)
par(e, 9)
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Query: 7—sg(j, x)

Query resolution: seminaive bottom-up resolution
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A crash introduction to Datalog

Datalog is a recursive query language for relational database.

Extensional database

par (b, j)
par(b, c)
par(a, b)
par(a, d)
par(d, e)
par(j, f)
par(e,g)

-
o
Q—o—Q

Query: 7—sg(j, x)

Query resolution: seminaive bottom-up resolution
sg(a, a) sg(b, b) sg(c, c) sg(d, d) sg(e, €) sg(j. /)
sg(j, ¢) sg(b, d) sg(/. )

sg(c,j) sg(d, b) sg(e. )
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A crash introduction to Datalog

Datalog is a recursive query language for relational database.

Extensional database

par (b, j)
par(b, c)
par(a, b)
par(a, d)
par(d, e)
par(j, f)
par(e,g)

-
o
Q—o—Q

Query: 7—sg(j, x)

Query resolution: seminaive bottom-up resolution
sg(a, a) sg(b, b) sg(c, c) sg(d, d) sg(e, e) sg(j. /)
sq(j, ¢) sg(b, d) sg(/, e) sg(f, )

sg(c,j) sg(d, b) sg(e, j) sg(g, f)
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A crash introduction to Datalog

Datalog is a recursive query language for relational database.

Extensional database

par (b, j)
par(b, c)
par(a, b)
par(a, d)
par(d, e)
par(j, f)
par(e, 9)

-
o
Q—o—Q

Query: 7—sg(j, x)

Query resolution: seminaive bottom-up resolution
sg(a, a) sg(b, b) sg(c, c) sg(d, d) sg(e, e) sg(j. /)
sq(j; ¢) sg(b, d) sg(j, e) sg(f, )

sg(c,j) sg(d, b) sg(e, j) sg(g, )

Answer: {j; c; e}
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A crash introduction to Datalog: adornment
Profiling the predicates: related to partial evaluation of
programs.

Extensional database
par(b, j)
par(b, c)

par(a, b)

par(a, d) :
par(d, e) Query: ?7—sg(j, x)
par(j, f)

par(e, g)
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A crash introduction to Datalog: magic set rewriting
Optimization of the intentional database: incremental
evaluation of clauses, memoizing intermediate goals.

Extensional database
par(b, j)
par(b, c)
par(a, b)
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a
/ \
b
/\
j c
|
f

Q—o—Q

DA

u]

o)
I
ul

it



Multiple Context-free Grammars
L Datalog parsing
L Earley parsing and datalog
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A crash introduction to Datalog: magic set in action
Magic set + seminaive bottom-up evaluation = SLD-resolution
(Selective Linear Definite clause resolution)

Extensional database
par(b. j)
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Parsing CFGs with Datalog

Given the grammar

S — aSbSs
S — ¢

We associate the following Intentional Database

S(i,j) = a(i,f), SU,k), b(k,1), S(I, m)
SGj) = i=]

Given the word a; ... a, we associate the Extensional
Database a(0,1),...ai(i —1,i)...an(n—1,n).

The query ?7—S(0, n) gets a positive answer iff S 5 a ..

. an.
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Magic supplementary set rewriting: adornment
Instead of asking the query ?7—S(0, n) we may ask for the x’s
such that S(0, x).

We get the adorned Extensional Database:

SP(i.m) — a(i.f), SY(j, k), b¥ (k, 1), S'(1, m)

sY(if) i~ i=]
We take the magic predicate m_S(k) and we do the magic set
rewriting:
SUp+ 1(’7]) - m—S(I)7 a(’?l) m—S(.I) i SUP1,1 (Iaj)
supi2(i, k) = supya(i,j), SU, k) || m_S() :— supi3(/,))
supya(i, 1) :— supio(i, k), b(k,1)
S(’u/) - SUp1,3(I,/), S(Ia m)
S(i,j) = m_S(i), i=j
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Earley and Datalog

S—acP [A— aeap6](i.))
ni Scan
[S — #a](0,0) [A— aajqeB](i,j+1)
[A— aeBB](i,]) B(j) B—~eP
?B(j) (B — #7](j.)
[B — ye](j, k) [A— aeBp|(i,j) BU,K)
B(j, k) [A— aep](i, k)

a...an

S — aSbS
S — e
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ni Scan
[S — #a](0,0) [A— aajqeB](i,j+1)
[A— aeBB](i,]) B(j) B—~eP
?B(j) (B — #7](j.)
[B — ye](j, k) [A— aeBp|(i,j) BU,K)
B(j, k) [A— aep](i, k)
[S — eaSbS](i,j)
[S — ae SbS](i,j)
[S — aS e bS](i, )
[S — aSb e S](i.j)
[S — aSbSe|(i,])
[S — o](i\))
S(i,J)
?8(i)

a...an
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Earley and Datalog

a

...an
S — aSbS
S — e
S—acP [A— aeajf](i.))
ni Scan
[S — #a](0,0) [A— aajq e p](i,j+1)
[A— aeBB(i.)) 7B(j) B—yeP
?B()) (B = #7](j.))
[B — ye](j, k) [A—aeBpl(i,)) B k)
B(j, k) [A— aep](i,k)
[S — aShs|(i. ) 25(i)
[S — ae SBSI(i, /) [S— eaSbS|(i,i) a1—a
[S — aS e bS|(i, ]) —
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Datalog technique for parsing

» Kanazawa (2008) A=

A Prefix-Correct Earley Recognizer for Multiple Context-Free Grammars

Since it involves very little non-standard tech-
nique, we believe that our method is easier to un-
derstand and easier to prove correct than previous
approaches. For this reason, we also hope that this
work serves useful pedagogical purposes.
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From MCFGs to Datalog: an example by Kanazawa

S(xiyixeye) <+ P(xq,x2), Q(y1, ¥2)
P(aixia, a3xeas) < P(x1,X2)
P(ajap, azas) <+
Q(b1y1b2, bsyabs) <+ Q(y1,¥2)
Q(byb2, b3bg) <+

S(ix1j¥1 kX2 1 Yem) < P(ix1j, kX21), QG Y1 ks 1¥2m)
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From MCFGs to Datalog: an example by Kanazawa

S(xiyixeye) <+ P(xq,x2), Q(y1, ¥2)
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P(ajap, azas) <+
Q(b1y1b2, bsyabs) <+ Q(y1,¥2)
Q(byb2, b3bg) <+

S(ix1j¥1 kX2 1 Yem) < P(ix1j, kX21), QG Y1 ks 1¥2m)

S(I7 m):_P(izjy k, l): Q(jz k7 I7 m)
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From MCFGs to Datalog:

S(x1y1X2y2)
P(aixiap, azXoas)
P(aiaz, asas)
Q(b1y1b2, b3y2b4)
Q(b1 b2, b3by)

an example by Kanazawa

P(X1 ) X2)7 Q(y1 ’ y2)
P(x1, x2)

Qy1,y2)

TTTrT

P(iaijxi1 ka2, masnXaodsp) < P(j X1 k; nXeo)

P(’: I: m:p):_a1 (Ia/)z P(j7 k, n, 0)7 aZ(k7 l)a aS(ma n)7 34(0,p)
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From MCFGs to Datalog: an example by Kanazawa

S(xiyixeyz) <+ Plxi,x2), Qy1,¥2)
Plaixiaz, agxeas) < P(x1,x2)
P(arag, azas) <
Q(b1y1ba, bayabs) <+ Qy1,Y2)
Q(b1b2, b3bs) <
S(I,m) - P(i,j,k,l), Q(j:kvlvm)
P(Ia k: I7 n) = a1(i7j)» az(j’ k)7 33(” m)’ a4(m’ n)
P(’7 I» mvp) = 31(i,j), P(]7 k7 n, 0)7 a2(k7 /)v a3(mv n)7 a4(07p)
QUi k,1,n) = ai(i,]), b2(J, k), bs(l, m), ba(m, n)
O(i’ I3 m7p) = b1(iaj)7 O(], k, n, 0)’ bg(k, I)’ b3(m? n), b4(0,p)
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MCFG parsing and Datalog: an example by Kanazawa

S(xiyixey2)  P(x1.x). Qy1,y2)
P(aixiap, asxea) « P(x1,%2)

P(ataz, asas)
Q(b1y1b2, b3yzbs)  Q(y1.y2)

Q(bibz, bsbs)

S(i,m) =~ P(i.j, k. 1), QU k, I, m)

P(i k. 1,n) = ai(i,f). a(j, k), as(l,m), as(m, n)

P(i,l,m.p) = ai(i.j), P(j.k,n,0). a(k,1), as(m,n), as(0.p)
QUi k,1.n) = ai(i.j), ba(j. k). bs(l. m), ba(m. n)

Q(i,1.m.p) = bi(i.j), QU.k.n,0), ba(k.1), bs(m,n). ba(0,p)
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MCFG parsing and Datalog: an example by Kanazawa

S(x1y1Xey2
P(aixia, asxoay

Q(biy1ba, bs}’zb4
Q(b1 bz, b3bs,

S(i,m)

P(i,k,l,n) :
P(i,l,m,p) :
QG k,1,n)
Q(i.l,m.p) :

)
)
)
)
)

P(x1,%2). Q(y1.y2)
P(x1,x2)

Qy1.y2)

Tt

P(i.j, k. 1), Q. k, 1, m)

ai(i,]); @(j, k), as(l,m), as(m, n)

ai(1.)), P, k. n. o), ax(k.1), as(m, n), as(0,p)
(7, ]): ba(j, k), ba(l,m), ba(m, n)

bi(i,f), QU k,n, 0), ba(k. 1), ba(m, n), ba(0,p)

DA
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MCFG parsing and Datalog: an example by Kanazawa

S(x1y1x2y2)
P(aixiaz, asx2as)
P(aja, asas)
Q(biy1b2, bayaba)
Q(b1bz, bybs)

S(i,m)

P(i,k,l,n) :
P(i,l,m,p) :
QG k,1,n)
Q(i.l,m.p) :

P(x1,%2). Q(y1.y2)
P(x1,x2)

Tt

Qy1.y2)

P(i.j. k. 1). QK. 1, m)

ay(i.f), a(j. k), as(l, m), as(m, n)

ai(1.)), P, k. n. o), ax(k.1), as(m, n), as(0,p)
ai(1.)); b2(j, k), bs(l, m), ba(m, n)

bi(i.f), QUj. k. n,0), by(k, 1), bs(m. n), ba(0.p)

DA
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MCFG parsing and Datalog: an example by Kanazawa

DA
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MCFG parsing and Datalog: an example by Kanazawa

1828384

a(0,1)
ax(1,2)
a3(2,3)
a4(3,4)
m_S(0)

u]
o)
1l
n
it

DA
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MCFG parsing and Datalog: an example by Kanazawa

1828384

a;(0,1)
ax(1,2)
a3(2,3)
a4(3,4)
m_S(0)

sup+,1(0,2,2,4) supz.1(0, 1) sup2,2(0,2)
sup2,3(0,2,2,3) sups,1(0,1)

m_S(0) m_P(0) m_Q(2,2,4)
m_P(1)

P(0,2,2,4)
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MCFG parsing and Datalog: an example by Kanazawa

1828384

a(0,1)
ax(1,2)
a3(2,3)
a4(3,4)
m_S(0)

supi.1(0.2,2.4) supz1(0,1) sup2,2(0,2)
sup23(0.2,2.8) sups 1(0,1)

m_S(0) m_P(0) m_Q(2.2,4)
m_P(1)

P(0.2,2,4)

u]
o)
1l
n
it

DA
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The origin of the problem

» we need that variables do not shuffle too much

DA
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The origin of the problem

correctness

» we need that variables do not shuffle too much
» we need to use new predicates to ensure the prefix

DA
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Given an MCFG G = (N, T, P, S), we build an ordered MCFG G’
such that:

= (NI, T? P/7 S)
» if Aisin N and has rank n, for all permutation o of [1; n], A5 isin R,
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Ordered grammars

Given an MCFG G = (N, T, P, S), we build an ordered MCFG G’ = (N', T, P/, S)

such that:
» if Aisin N and has rank n, for all permutation o of [1; n], A5 isin R,
> if
A(St,- - ,8n) <= Br(X{ - X ), o Bm(X, o xi)
isin P then
As(Sa(t)s -+ Sa(m) = Biiry (XL 1y 5 XL k))s -+ » B XD 4y oo X2 3)

so that for every i, x;( ) appears in that order in Sg(1) - - - Sy(n)-

X
1) %7k
NB: this can make the size of the grammar explode:

S(X1...Xn) <+ A(Xq,....%Xn) A(Xn, Xq,...sXn_1) —  A(Xq,...,Xn)
A(ay,...,an) <+ AlXo, X1, X3 ..., Xn)  +—  A(X1,...,Xn)
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MCFG parsing and Datalog: an example by Kanazawa

S(x1y1Xey2
P(aixaz, asXxoas

; P(x1, %), Q(y1,y2)
P(a‘az,aaa«;
)

P(x1, x2)

Q(b1y1b2, bayzbs
Q(b1 bz, bsby

-
=
=
« Qn.ye)
=

S(i,m) :
P(ik,I.n) -
P(i,I,m.p)
QUi k.I,n) :
Q(i,l,m,p) :

P(i.j k1), QU k.1, m)

ai(7.]). @(j, k), as(l,m), as(m, n)

ai(i,f), P(j k. n. 0), a(k, 1), ag(m. n), as(o, p)
ai(i,), b2(j, k), ba(l,m), ba(m.n)

bi(i,f), QU k,n,0), ba(K. 1), ba(m, ), ba(o,p)

u]
o)
I
ul
it
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MCFG parsing and Datalog: an example by Kanazawa

S(xiyixeyz)  P(x1.%). Qy1,y2)
Plaix1a, asxpas) < P(x1, %)
P(atap, asas)
Q(biy1bz, bayzbs) < Q(y1,y2)
Q(b1bz, bsbs) «
S(i,m) :— P(i.j.k.1), Q(j, k.I,m)
P(i, k. 1,m) = ai(i,]), a(j, k), as(l,m), as(m, n)
P(i,1,m,p) = a(i.j), P(j; k., 0), az(k. ), ag(m.n), as(0, p)
Qi k.1.n) = ay(i.]), ba(j. k). bs(l.m), bs(m. n)
Q(i,l,m,p) = b1(i)), QU K, n,0), ba(k. 1), bs(m, n), ba(0,p)
S(i,m) = Py(i.]). P(i.j, K. 1), Qi(j, k), QU k. 1,m)
P(i. k. 1,n) = ai(i.]), a(j, k), as(!, m), as(m, n)
P(il,m.p) = ai(i.f), Pi(j. k), Pk, n,0), ap(k.l), as(m,n). as(o, p)
Qi.k,1.n) = ay(i.f), ba(j. k), bs(I, m), bs(m. n)
QQil.m,p) = by(i,f), Qi(j k), QU k. n, 0), ba(k. 1), bs(m. n), ba(0, p)
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MCFG parsing and Datalog: an example by Kanazawa

S(xiyixeyz)  P(x1.%). Qy1,y2)
Plaix1a, asxpas) < P(x1, %)
P(atap, asas)
Q(b1y1b2, b3yzbs) Qy1.y2)
Q(b1bz, bsbs) «
S(i,m) :— P(i.j.k.1), Q(j, k.I,m)
P(i.k,1.n) = ay(i,]), a(j, k), as(/. m), as(m, n)
P(i,1,m,p) = a(i.j), P(j; k., 0), az(k. ), ag(m.n), as(0, p)
Qi k.1.n) = ay(i.]), ba(j. k). bs(l.m), bs(m. n)
Q(i,l,m,p) = b1(i)), QU K, n,0), ba(k. 1), bs(m, n), ba(0,p)
S(i,m) = Py(i.f). P(i.j, k. 1), Qi(j, k), QU k. 1,m)
P(i, k. 1,n) = a(i.]), a(. k), as(l,m), as(m, n)
P(i,l,m.p) = ai(i.f), P1(j k). Pk, n,0), ap(k.l), as(m,n). as(o, p)
Qi.k,1.n) = ay(i.f), ba(j. k), bs(I, m), bs(m. n)
QQil.m,p) = by(i,f), Qi(j; k), QU k., 0), ba(k. 1), bs(m. n), ba(0, p)
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MCFG parsing and Datalog: an example by Kanazawa

S(xiyixey) + P(x.x), Qyr.y2)
P(aixiaz, asxeas) « P(x1,X2)
P(aia, agas)
Q(b1y1b2, b3yzbs) Qy1.y2)
Qbiba, byby)
S(i,m) :— P(i.j. k1), Q(j.k.I,m)
P(ik.1.n) = a(i.f), (. k). as(l,m), a(m,n)
P(i,l,m.p) = ai(i.j), P(j.k,n,0). a(k, 1), as(m.n), as(0.p)
Qi k.1.n) = ay(i.]), ba(j. k). bs(l.m), bs(m. n)
Q(i,l,m,p) = b1(i)), QU K, n,0), ba(k. 1), bs(m, n), ba(0,p)
S(i,m) = Py(i.f). P(i.j, k. 1), Qi(j, k), QU k. 1,m)
P(i,k,0,n) = ai(i.)), a(j. k), as(l,m), a(m, n)
P(i,l.m,p) :— 51(1‘,}')1 P1(j.k), P(j. k. n,0), a(k,1), as(m. n), as(0,p)
Q(i ki 1,n) = ai(i.), ba(j; K), ba(l,m), ba(m, n)
QU..m.p) = by(i.)). Qi K), QU.k.n,0), balk. ). bs(m, ). by(0.p)
Pi(ik) = ai(i.)), a0 k)
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MCFG parsing and Datalog: an example by Kanazawa

S(xiyixeyz)  P(x1.%). Qy1,y2)
Plaix1a, asxpas) < P(x1, %)
P(atap, asas)
Q(biy1bz, bayzbs) < Q(y1,y2)
Q(b1bz, bsbs) «
S(i,m) :— P(i.j.k.1), Q(j, k.I,m)
P(i, k. 1,m) = ai(i,]), a(j, k), as(l,m), as(m, n)
P(i,1,m,p) = a(i.j), P(j; k., 0), az(k. ), ag(m.n), as(0, p)
Qi k.1.n) = ay(i.]), ba(j. k). bs(l.m), bs(m. n)
Q(i,l,m,p) = b1(i)), QU K, n,0), ba(k. 1), bs(m, n), ba(0,p)
S(i,m) = Py(i.f). P(i.j, k. 1), Qi(j, k), QU k. 1,m)
Pi. k. 1,n) = ai(i.]), a(j. k), as(l,m), as(m, n)
P(i,l,m.p) = ai(i.f), P1(j k). Pk, n,0), ap(k.l), as(m,n). as(o, p)
Qi.k,1.n) = ay(i.f), ba(j. k), bs(I, m), bs(m. n)
QQi,l.m,p) = by(i,f), Qi(j; k), QU k. n, 0), ba(k. 1), bs(m. n), ba(0, p)
Pi(i k) = ai(i.]), az(j, k)
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MCFG parsing and Datalog: an example by Kanazawa

S(xiyixeyz)  P(x1.%). Qy1,y2)
P(aixiaz, asxeas) « P(x1,X2)
P(atap, asas)
Q(biy1bz, bayzbs) < Q(y1,y2)
Q(b1bz, bsbs) «
S(i,m) :— P(i.j.k.1), Q(j, k.I,m)
P(i, k. 1,m) = ai(i,]), a(j, k), as(l,m), as(m, n)
P(i,1,m,p) = a(i.j), P(j; k., 0), az(k. ), ag(m.n), as(0, p)
Qi k.1.n) = ay(i.]), ba(j. k). bs(l.m), bs(m. n)
Q(i,l,m,p) = b1(i)), QU K, n,0), ba(k. 1), bs(m, n), ba(0,p)
S(i,m) = Py(i.f). P(i.j, K. 1), Qi(j, k), QU k. 1,m)
P(i,k,1,n) :— auxq(i,k), as(/,m), as(m, n)
P(il,m.p) = ai(i.f), Pr(j k). Pk, n,0), ap(k.]), as(m,n). as(o, p)
Qi.k,1.n) = ay(i.f), ba(j. k), bs(I, m), bs(m. n)
QQil.m,p) = by(i,f), Qi(j; k), QU k. n, 0), ba(k. 1), bs(m. n), ba(0, p)
Py(i k) :— aux(i.k)

auxy (i, k)

ai(i.)), a0/, k)
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MCFG parsing and Datalog: an example by Kanazawa

P(x1,%2), Q(y1,y2)
P(x1, x2)

S(xiy1Xey2)
P(aixiaz, asxoas)
P(aia, agas)
Q(biy1ba, bayabs)
Q(b1bz, bsbs) «

Qy1.y2)

P(i.j k1), QU k.1, m)

ai(7.]). @(j, k), as(l,m), as(m, n)

ai(i.)), P, kn, 0), ax(k. 1), as(m, n), as(0,p)
ay(i.j), ba(j. k). ba(l.m), bsy(m. n)

bi(i,f), QU k,n,0), ba(K. 1), ba(m, ), ba(o,p)

= Pi(i.)), P(i.j.k, 1), Qu(j. k), QUK. I, m)
— auxy(i, k), as(l,m), as(m, n)
= ai(i.f), Pr(j. k), P(j.k,n,0), a(k. 1), ag(m, n), as(0, p)
Qi.k,1.n) = ay(i.f), ba(j. k), bs(I, m), bs(m. n)
QQil.m,p) = by(i,f), Qi(j; k), QU k. n, 0), ba(k. 1), bs(m. n), ba(0, p)
Py(i k) :— aux(i.k)
auxy(i,k) = ai(i,f), a(j. k)
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MCFG parsing and Datalog: an example by Kanazawa

S(xiyixeyz)  P(x1.%). Qy1,y2)
P(aixiaz, asxeas) « P(x1,X2)
P(atap, asas)
Q(b1y1b2, b3yzbs) Qy1.y2)
Q(b1bz, bsbs) «
S(i,m) :— P(i.j.k.1), Q(j, k.I,m)
P(i, k. 1,m) = ai(i,]), a(j, k), as(l,m), as(m, n)
P(i,1,m,p) = a(i.j), P(j; k., 0), az(k. ), ag(m.n), as(0, p)
Qi k.1.n) = ay(i.]), ba(j. k). bs(l.m), bs(m. n)
Q(i,l,m,p) = b1(i)), QU K, n,0), ba(k. 1), bs(m, n), ba(0,p)
S(i,m) = Py(i.f). P(i.j, K. 1), Qi(j, k), QU k. 1,m)
P(i,k,1,n) :— auxq(i,k), as(/,m), as(m, n)
P(i,m.p) = ai(i.]), Pi(j. k), Pk, n,0), a(k.]), asg(m,n), as(o, p)
Qi.k,1.n) = ay(i.f), ba(j. k), bs(I, m), bs(m. n)
QQil.m,p) = by(i,f), Qi(j; k), QU k. n, 0), ba(k. 1), bs(m. n), ba(0, p)
Py(i k) :— aux(i.k)
auxy(i,k) = ai(i,f), a(j. k)

a(i.]), P10, k), aa(k. /)
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MCFG parsing and Datalog: an example by Kanazawa

S(xiyixeyz)  P(x1.%). Qy1,y2)
P(aixiaz, asxeas) « P(x1,X2)
P(atap, asas)
Q(b1y1b2, b3yzbs) Qy1.y2)
Q(b1bz, bsbs) «
S(i,m) :— P(i.j.k.1), Q(j, k.I,m)
P(i, k. 1,m) = ai(i,]), a(j, k), as(l,m), as(m, n)
P(i,1,m,p) = a(i.j), P(j; k., 0), az(k. ), ag(m.n), as(0, p)
Qi k.1.n) = ay(i.]), ba(j. k). bs(l.m), bs(m. n)
Q(i,l,m,p) = b1(i)), QU K, n,0), ba(k. 1), bs(m, n), ba(0,p)
S(i,m) = Py(i.f). P(i.j, K. 1), Qi(j, k), QU k. 1,m)
P(i,k,1,n) :— auxq(i,k), as(/,m), as(m, n)
P(i,1,m,p) = ai(i.]), P1(j.k), P, k, n,0), a(k.1), a(m.n), a(o, p)
Qi.k,1.n) = ay(i.f), ba(j. k), bs(I, m), bs(m. n)
QQil.m,p) = by(i,f), Qi(j; k), QU k. n, 0), ba(k. 1), bs(m. n), ba(0, p)
Py(i k) :— aux(i.k)
auxy(i,k) = ai(i,f), a(j. k)

Pi(i1) -

a(i.f), P10 k), aa(k. /)
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MCFG parsing and Datalog: an example by Kanazawa

S(xiyixeyz)  P(x1.%). Qy1,y2)
P(aixiaz, asxeas) « P(x1,X2)
P(atap, asas)
Q(b1y1b2, b3yzbs) Qy1.y2)
Q(b1bz, bsbs) «
S(i,m) :— P(i.j.k.1), Q(j, k.I,m)
P(i, k. 1,m) = ai(i,]), a(j, k), as(l,m), as(m, n)
P(i,1,m,p) = a(i.j), P(j; k., 0), az(k. ), ag(m.n), as(0, p)
Qi k.1.n) = ay(i.]), ba(j. k). bs(l.m), bs(m. n)
Q(i,l,m,p) = b1(i)), QU K, n,0), ba(k. 1), bs(m, n), ba(0,p)
S(i,m) = Pi(i.j), P(i, ], k1), Qi (j, k), QUK I, m)
P(i,k,1,n) :— auxq(i,k), as(/,m), as(m, n)
P(i,l,m,p) = auxy(i,j. k1), P(j,k.n.o0), as(m, n), as(o.p)
QQi ki 1) i a(i.), baj; K), Ba(l,m), ba(m,
QQil.m,p) = by(i,f), Qi(j; k), QU k. n, 0), ba(k. 1), bs(m. n), ba(0, p)
Py(i k) :— aux(i.k)
auxy(i,k) = ai(i,f), a(j. k)
Pi(iN) = auxe(irj. k. 1)

auxa(isj; K1) ai(i.]), P1(j, k), az(k, /)
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MCFG parsing and Datalog: an example by Kanazawa

S(xiyixey) + P(x.x), Qyr.y2)
P(aixiaz, asxeas) « P(x1,X2)
Patap, aas)
Q(b1y1ba, bayabs) —  Q(y1,y2)
Qbrba, bsby)
S(i,m) — P(i.j, k1), Q. k.I,m)
Pk, 1on) i~ ay(i.]). (), k). as(lsm). ay(m.n)
P(i,l,m.p) — ai(i.j). P(j. k.n.0), a(k.1), a(m.n). as(0.p)
QUik.1in) — ai(i.]). bal.K). ba(l.m). by(m.n)
Q(i,l,m,p) = b1(i)), QU K, n,0), ba(k. 1), bs(m, n), ba(0,p)
S(i.m) i~ Py(i.j). P(i.j.k. ). Qi(j.k). QU k.l m)
P(i,k,1,n) :— auxq(i,k), as(/,m), as(m, n)
Pi,l,m.p) ~ auxp(i.j.k.[), P(j,k,n.0). a(m,n), a(o.p)
Q(i.k,I.n) :— auxs(i.k), bs(l,m). bs(m,n)
Q(il.m,p) = auxa(i.j. k. 1), QU k,n, 0), ba(m, n), ba(0, p)
Py(i k) :— aux(i.k)
aux (i, k) = ai(i.f), a(j k)
Pi(iN) = auxe(irj. k. 1)
auxp(i,j. k.1) = aq(i.j), P1(j. k), ax(k.l)
Qi(i.k) — auxg(i,k)
aUXs(l k) = an(if), @l k)
Qi(i, ) = auxs(i.j k1)
auxa(i.j.k,1) = bi(irj), Qu(, k), ba(k.l)
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MCFG parsing and Datalog: an example by Kanazawa

S(xiyixeyz) « P(x1.%). Qy1,y2)
P(aixiap, asxea) < P(x1,%2)
P(atap, asas)
Q(biy1ba, bayobs) Q(y1.Y2)
Q(b1bz, bybs)
S(i,m) — P(i.j.k.I), QU.k.I,m)
P(i.k,1.n) i~ a(i.j), 2. k), as(l.m). as(m,n)
P(i,1,m,p) = a(i.j), P(j; k., 0), az(k. ), ag(m.n), as(0, p)
Q(i k. 1,n) = ay(i,j), ba(j, k), ba(l, m), bs(m,n)
Q(i,l,m,p) = b1(i)), QU K, n,0), ba(k. 1), bs(m, n), ba(0,p)
S(i.m) i~ Py(i.j). P(i.j.k. ). Qi(j.k). QU k.l m)
P(i,k,1,n) :— auxq(i,k), as(/,m), as(m, n)
P(i,l,m.p) = auxy(i.j, k1), P(j, k,n, 0), ag(m, n), as(0, p)
Q(i.k,I.n) :— auxs(i.k). bs(l,m). bs(m,n)
Q(i,1,m,p) = auxa(i.j, k. 1), Q(j, K, n, 0), bs(m,n), ba(0, p)
Py(i k) :— aux(i.k)
auxy(i,k) = ai(i,f), a(j. k)
Pi(iN) = auxe(irj. k. 1)
auxz(i,j. k. 1) = ai(i,j), P1(j, k), ax(k, 1)
Qi(i,k) — auxs(i,k)
auxa(i k) = ax(i,]), a(j. k)
Qi(i.N) = auxa(i.j. k. 1)
auxa(i.j.k,1) = bi(ir)), Qu(, k), ba(k.l)

DA
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» This technique can easily be extended to PMCFG (Ball
master thesis 2009).
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master thesis 2009).

» It can be used to analyze regular languages.
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Extending the technique

» This technique can easily be extended to PMCFG (Ball
master thesis 2009).

» It can be used to analyze regular languages.

» Hopefully other kinds of program transformations can yield
other parsing strategies (left corner, generalized LR. . .)
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